Abstract: Mn, as Fe, Zn, Cu and Ni is a heavy metal and also a necessary element all the living organisms. Excessive Mn nutrition causes a strong oxidative stress. The aim of the studies was to determination the effect of Se treatment (as sodium selenite Na2O4Se3) to alleviate the Mn stress of plants. Because of its sensitivity to oxidative stress induced by excessive concentrations of Mn a model plant was lettuce (Lactuca sativa L. 'Sunny'). ). In all the combination were also tested different foliar sprays (distilled water and a 0.005% Se solution). Plants grown under conditions described above take up and transported Se from nutrient solutions into their leaves with a significant reduction of Mn concentration and changes in the plant nutrient status. With the increase in the concentrations of Se clearly narrowed quantitative relations in the leaves between this element and micro-metallic. Increasing Se levels in nutrient solution has a positive influence on the growth of plants, but Se foliar treatment generally decreases plant yield. The study shown that Se application may lead to alleviation of Mn stress of plants, with simultaneous reduce in Mn concentration in leaves -which may be of practical importance also in the cultivation of more economically important species.
Introduction
Manganese (Mn) is an essential micronutrient to all the living organisms [1] [2] [3] . Excessive Mn uptake is a disadvantage and may cause physiological disorders. In case of plants it may significantly reduce biomass production, photosynthesis and caused biochemical disorders [4] . An important factor which influences the quality of plants is their nutrition, especially the quality of water used in plant watering. Generally most of the water sources contain lower concentrations of Mn (< 1 mg dm -3 ). However also in other countries sometimes water may contain higher Mn concentration, for example in Scotland it was determined the concentration of Mn in drinking water up to 1.9 mg dm -3 what is clearly exceeding the limit of 0.05 mg dm -3 [5] . Meanwhile in Poland in case of water used for drip irrigation and fertigation of horticultural was determined more than 4.0 mg dm -3 which is a concentration about 10-times higher than optimal for plants growing [6] [7] [8] . Excessive (without visual symptoms on plants) or toxic (with present visual symptoms of necrosis) contents of Mn in water/nutrient medium cause a significant accumulation of this nutrient in different edible parts (fruits and leaves) of vegetable species [7, 8] . European Commission Regulation No. 420/2011 of 29 April 2011 [9] sets maximum levels of Hg, Cd and Pb in foodstuffs -but not for Mn. An adequate intake (AI) of Mn specified by the National Academies' Institute of Medicine is varing from 1.8 mg (women) to 2.3 mg (men) per day [1] . 11 mg Mn day -1 is a Tolerable Upper Intake Level (UL) of which was set for adults based on a no-observed-adverse-effect level for Western diets. It is known that heavy metals (including Mn) constitute a consumer health hazard, due to their accumulation in vegetables and organisms [10, 11] . Trace elements may accumulate in the some vitals like: liver, kidneys, myocardium [12] or brain [2, 13] and their effects can be seen after several months, and even years [14] . The mechanism of Mn neurotoxicity is only little known [2] .
An element which significantly alleviates oxidative stress of plants induced by excessive Mn nutrition is silicon (Si) [15, 16] , but reports on the influence of Si on the concentration of Mn in edible parts of vegetables are inconclusive. Another element which may also alleviate metal stress is selenium (Se) which may also limit the heavy metals toxic effects [17] [18] [19] . In previous studies, a positive effect of Se was found on the Pb, Cd and Al concentrations in tissues of different plant species [20] [21] [22] [23] [24] [25] . At the same time many scientists focus on bio-fortification of vegetables with Se [26] [27] [28] . A low Se intake in the human body may increase the risk of cardiovascular diseases (CVD), cancer and other diseases, caused by free radicals [29, 30] .
Because of its sensitivity to oxidative stress induced by excessive concentrations of Mn a model plant in our studies was a lettuce [7] . The aim of the conducted study was to determine the allevation effect of Se nutrition on plant yield and the concentrations of Mn, Se, and also other macro-and microelements in leaves of lettuce grown under strong Mn stress.
Materials and method
Experimental design. The studies were conducted in a chamber room located at the area of Experimental Station of the Departments of the Faculty of Horticulture and Landscape Architecture, the Poznan University of Life Sciences (Poland). The aim was to determine the effect of Se nutrition on chemical composition (especially Se and Mn concentrations) of leaves and on yield of lettuce (cv. 'Sunny') grown under strong Mn-stress. The experiments were conducted in a 2-factorial design with the factors: A -Se concentration in the nutrient solution (control+3 Se levels), B -foliar spraying (B1 -distilled H 2 O; B2 -Se solution). The experiments were established in the systematic design in 4 replications.
The Chemical analysis. From every plant in each studied combination the leaves were collected, which were dried to constant weight and then ground. In order to assay the total forms of macroelements and Na the plant material was mineralized in concentrated H 2 SO 4 , while for analyses of microelements (Fe, Mn, Zn and Cu) -in a mixture of HNO 3 and HClO 4 (3:1, v/v) [31, modified] . After mineralization the following determinations were performed: N-total using the distillation method according to Kjeldahl in a Parnas Wagner apparatus; P -colorimetrically with ammonia molybdate; K, Ca, Mg, Na, Fe, Mn, Zn, Cu using flame atomic absorption spectroscopy (on a Carl Zeiss Jena apparatus). Se concentrations in the plant material were determined by hydride generation (HG-AAS). The method is based on the separation of Se in the form of H 2 Se from the sample matrix.
Statistical analysis. The data were analysed using STATISTICA (StatSoft Inc., Tulsa, OK, USA). The results were analysed by factorial ANOVA with Se content in nutrient solution and foliar sprays as fixed factors. Duncan's test was employed to analyze differences between measured parameters. There were also calculated the simple correlation coefficients between Se nutrition and nutrient concentration in leaves and plant yield.
Results and discussion
Plant yield. Se applied in nutrient medium directly to the root-zone influenced plant yield -the highest yield was obtained at the application of Se-III (Table 1) . Generally (except for Se-II) Se foliar application decreased plant performance. Mean yield of plants sprayed with distilled water was higher than for Se-sprayed.
Chemical composition of plants. Se nutrition significantly modified the chemical composition of leaves (Tables 1 and 2 ). Concentrations of Mn under Se spraying variedbut at the Se-III dose applied in nutrient solution a significant reduction was recorded in Mn concentration (reduction by about 36% comparing with the control). The plant response to Se spraying was varied. The Se concentration in leaves increased with an increase in Se concentration in nutrient solution. The highest Se concentration was found for Se-II with simultaneous Se spraying (3.71 mg Se kg -1 DM), but the lowest for the control (distilled H 2 O sprayed). The Na concentration in leaves decreased under Se treatment to nutrient medium, although the effect of Se spraying was varied (for mean caused increasing of Na concentration). Se applied to the root zone (at Se-I, Se-III) significant decreased in the N concentration below the level of control. The P concentration in leaves for Se-I was higher, while for Se-II and Se-III was lower comparing with the control. The effect of Se-spraying on N and P concentrations was varied. Concentration of K in leaves was stable (except for Se-III), for which a significant decreased.
Se application -both via the root zone and foliar spraying -caused a significant Ca reduction. Concentrations of Mg varied (lower for Se-I and Se-III, while higher for Se-II). The mean Mg concentration under Se spraying was lower than in the control sprayed by distilled water. The Fe status was stable -except for Se-II, for which it was significantly higher (for the combination with distilled H 2 O spraying). Se application to the root zone significantly decreased the Zn concentration in leaves, but reaction on Se foliar spraying was varied. Se changed the Cu status of leaves but the changes were multi-directional. A statistically significant negative linear correlation was found between Se content in the nutrient medium and P, K, Ca, Mg, Na, Mn and Zn concentrations in leaves, while in the case of Se concentration in leaves and plant yield the correlation with P, K, Ca, Mg, Na, Mn and Zn was significant and positive (Table 3 ). In the case of Se spraying significant and negative linear correlation coefficients were found only for Ca and Mg in leaves, as well as plants yield. Moreover, significant correlations were observed for a number of other parameters studied. Increasing intensity of Se treatment generally decreased the quantitative relations between Se and metallic microelement (Fe, Mn, Zn, Cu) in leaves (Table 4) . Wherein the average greatest changes in relative quantification was determined for Zn (-37.66%) and then for: Mn (-34.04%), Fe (-17.55%) and Cu (-16.66%). In combination characterized by the worst yielding the Mn:Se ratio was 258.60:1 while in case of the best yielding the quantitative relations of Fe:Se was the narrower and equal 139.59:1.
From the human health it is important to balance the diet in terms of both the macro-and micronutrients and functional elements. Both Mn and Se are necessary to human. Some soils around the world have insufficient Se contents, which makes it impossible for plants to accumulate this element [32] . For example, areas around the Baltic Sea are known as Se-deficient [33] . Also some soils in other parts of the EU show the same problem [30, 34, 35] . Deficits of Se content in the soil was the reason to undertake research on bio-fortification of vegetables with this element.
In many previous studies a positive increase in the Se status was found in plant tissues, caused by the application of different Se forms. Both the application of Se via the root-zone (in nutrient medium) and in foliar spraying significantly increased concentration of Se in lettuce leaves and roots [28] . Similarly as in the described study it was found that an Se addition (in concentration of 0.5 and 1.0 mg Se dm -3 to the nutrient solution) resulted in an increase in the Se concentration in leaves, which had a positive impact on plant yielding [36] . Increasing Se nutrition has an effect on the concentration of that element in plants [26, 37, 38] . Se may also have an influence on N and S metabolic pathways (secondary metabolites production) what could be a beneficial aspects for health of consumers [27] . It was found that Se nutrition significantly modified the chemical composition of plants with macro-and microelements. Previous studies reported a varied influence of Se on nutrient contents. Smolen et al. [28] reported that Se has no a significant effect on contents of macroelements in lettuce leaves. Meanwhile [38] it was stated that independently of concentration, supplementation of Se weakly modified the nutrient concentrations in seedlings. Smolen et al. [28] determined generally higher concentrations of N, K, Zn; lower: Ca, Mg, Fe and Mn with simultaneous similar concentrations of P and Cu in Se bio-fortified lettuce leaves, but it may have been connected with a different variety of lettuce and a different chemical composition of nutrient solution used for fertigation.
Se is frequently involved in antagonistic processes with metals (Cu, Zn and Cd) in plants and it also inhibits absorption of heavy metals, e.g. Cd or Pb [39, 40] . The novelty of our studies was not only connected with bio-fortification of lettuce with Se, but also a significant reduction of heavy metal contents, including Mn, with an important improvement of plant yield. The Mn concentration in lettuce leaves in the case of plants grown with the standard cultivation (0.5 mg Mn dm -3 ) is 328.4 mg kg -1 DM [7] . With an increase to an excessive level (19.2 mg Mn dm -3 ) the content of Mn in leaves increased about 1.5 times. For tomato grown in rockwool an increase in Mn level in nutrient solution from optimal to the excessive/toxic range caused an approx. 10-fold increase in Mn content [8] . In our studies it was found that by additional Se nutrition it is possible to reduce the content of Mn in lettuce leaves by about 36%. Also Si application in nutrient solution (in the form of orthosilic acid) may reduce Mn content in tomato fruits by about 10% [41] . In the case of lettuce the application of the same form of Si did not influence the content of Mn in leaves [42] .
Se generates some barriers for heavy metal transfer from the root zone to the aboveground plant parts -it was determined the strongest inhibition (84.9%) in the case of Pb [20] . In earliest studies conducted on lettuce and Chinese cabbage it was found that Se can react the negative effects of Pb and Cd, which results in a lower accumulation of these heavy metals in plants [43] . Simultaneously it was found a decreasing content of Mn in roots and in flag leaves of wheat (Triticum aestivum L. cv. Manu) under higher doses of Se (15 µm) compared with a lower application rate (5 µm Se) [38] . The protective role of Se in heavy metal stress, such as changes in root growth, viability, Reactive Oxygen Species production and antioxidant activity, is not unambiguous and depends mainly on Se concentration [24] . Se alleviated the Al-oxidative stress in ryegrass roots by the enhancement of spontaneous dismutation of superoxide radicals and the subsequent activation of peroxidase enzyme [21] . Others [44] suggested that Se is an antioxidant or it activates protective mechanisms, which alleviate oxidative stress in the chloroplasts. The spontaneous disproportion of superoxide to H 2 O 2 may explain the slightly improved tolerance of photosynthesis [45] .
A positive influence of Se application on lettuce yield was observed. It was reported that both quantitative and qualitative yield of plants was dose-dependent (concentration-dependent) on Se levels [37] . The optimal Se range of treatment is very narrow and excessive nutrition can produce oxidative stress and cause damage to plants [46, 47] . Low concentration Se improves cell viability, whereas at high concentrations it was pro-oxidant and enhances lipid peroxidation and cell membrane injury [24] . Se fertilization increases chlorophyll (a,b and total contents) in onion leaves [48] . Se (in the forms of sodium selenate and sodium selenite) has two opposing effects on lettuce plant metabolism: at low doses it acts as an antioxidant and enhances plant growth, whereas at higher levels it reduces yields [26] . Selenium toxicity in high doses was also confirmed by other authors [49, 50] .
Conclusion
Se nutrition significantly affected plant chemical composition -it decreased the Mn concentration (the lowest for Se-III with distilled water spraying), with a simultaneous increase of Se concentration (the highest was determined for Se-II with Se foliar treatment) and changes in concentrations of other nutrients in leaves. It was found that the most intensive Se nutrition (at Se-III), with simultaneous distilled water spraying, significantly improved plant yield. A statistically significant negative linear correlation was found between Se content in the nutrient medium and most of macroelements (except N) Na, Mn and Zn concentrations in leaves, while in the case of Se concentration in leaves and plant yield the correlation was significant and positive. In the case of Se spraying significant negative linear correlation coefficients were found only for Ca and Mg in edible parts of lettuce, as well as yield. Concluding it may be stated that additional Se nutrition via nutrient solution directly to root zone may increase food safety by reducing Mn concentration in their edible parts with a simultaneous improvement of yield potential.
